formed with octadecylaminediphytanoyl-PC, were adsorbed to a glow-discharged carbon film and stained with uranyl acetate. Crystals were initially observed on surfaces of vesicles and micelles, from which the tubular crystals grew over a period of 24-36 hr. Some tubular crystals in this field are seen still attached to the vesicles or micelles from which they grew. et al., 1988, 1989) . In projection, after processing and averaging using standard methods (Amos et al., 1982; Brisson and Unwin, 1984; Henderson et al., 1986; Kubalek et al., 1987) Figure  4 . The choice of contour The X axis of all the plots is I, which denotes the reciprocal lattice in the direction of the c* axis, perpendicular to the plane of the crystal. The distance in reciprocal space along the c* axis (z') is 0.00333 A-l times 1. The data have been combined assuming the space group Pl. Only data from reflections with amplitudes greater than twice background were plotted. Shown are the following reflections:
EM and Image Processing
(1 ,l), 95.7 A resolution in the a'-b' plane; (2,2), 47.8 A resolution: (2,3), 39 A resolution; (4,3), 25.6 A resolution. levels and our interpretation of the map is based on comparisons with the previously determined E. coli RNAP holoenzyme and yeast RNAPII structures (Darst et al., 1989 (Darst et al., , 1991 . The outermost contour of the RNAP core structure corresponds to 1 .O standard deviation (o) above the mean density. Assuming a protein density of 1.3 g/cm3, the volume occupied by one molecule at this contour corresponds to about 95% of the expected molecular mass. The overall dimensions of a single core RNAP molecule in the crystal are about 85 A x 105 A x 140 A. To facilitate comparison, a different view of one E. coli core RNAP molecule is shown between the yeast RNAPII-A417 (Darst et al., 1991a) and the E. coli RNAP holoenzyme (Darst et al., 1989) structures in Figure 5 . The view of E. coli RNAP holoenzyme is not intended to be aligned with the view of E. coli core RNAP; the views shown were chosen only to provide the best views down the axis of the channel. As in the E. coli holoenzyme and yeast RNAPII structures (Darst et al., 1989 (Darst et al., , 1991a , a major feature of the E. coli core RNAP structure (Figures 4 and 5b) is a thumb-like extension (labeled T) that nearly completely surrounds an elongated channel about 25 A x 45 A in dimensions (labeled C). The most striking aspect of the E. coli core RNAP structure is its dramatic differences when compared with the E. coli RNAP holoenzyme ( Figure  5~ ). Qualitatively, the core RNAP structure is much more similar to the yeast RNAPII structure (Figure 5a ). The thumb of E. coli RNAP holoenzyme (Figure 5c ) forms an open groove or cleft (labeled C) on the surface of the enzyme. In contrast, the thumb of yeast RNAPII (Figure 5a ) and E. coli core RNAP (Figures 4 and 5b ) bends downward to form the top part of a completely closed channel. The bottom part of the closed channel is formed by an addi- et al., 1969) . The contour shown is 1.4 o above the mean density. The orientation of the molecule is not meant to be aligned with the view of E. coli core RNAP in (b), but was chosen to afford a view directly down the axis of the open channel (C). The holoenzyme appears somewhat smaller in overall volume than core because the main body of the holoenzyme is viewed at an angle going into the plane of the page.
tional density (labeled D in Figures 4 and 5) that protrudes from the main body of the molecule.
Discussion
In E. coli, the core RNAP (a$jS') contains the functional capacity to catalyze phosphodiester bond formation during RNA chain elongation, but is unable to initiate transcription from double-stranded DNA templates efficiently and specifically, whether or not a promoter is present. Yeast RNAPII is functionally analogous to E. coli core RNAP, being able to perform RNA chain elongation but not specific initiation from double-stranded templates. In each case, additional protein factors are required for specific promoter recognition and transcription initiation. In E.coli, osubunitsservethispurpose (Lonettoetal., 1992) . In yeast and other eukaryotes, the basal transcription factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH direct the RNAPII to promoters and support specific initiation of messenger RNA (Conaway and Conaway, 1993) . The E. coli RNAP holoenzyme (a$jS'c) binds to promoters and specifically initiates RNAsynthesis. Once aminimal length of RNA has been synthesized (around 10 nt) and the RNAP has cleared the promoter, RNA chain elongation can, at least in vitro, be completed by the core enzyme. Both E. coli core RNAP and yeast RNAPII can initiate RNA synthesis from unusual templates containing nicks, mismatch bubbles (Daube and von Hippel, 1992; Aiyar et al., 1994) or single-stranded S'overhangs (Kadesch and Chamberlin, 1982) . The E. coli core RNAP structure determined here reveals that the functional homology between E. coli core and yeast RNAPII, and the functional differences with E. coli RNAP holoenzyme, extends to the structural level as well.
The structure of E. coli core RNAP resembles the yeast RNAPII structure, but reveals major differences when compared with the E. coli RNAP holoenzyme structure ( Figure 5 ). While each structure contains a thumb-like projection surrounding a groove or channel about 25 A in diameter, the thumb of E. coli RNAP holoenzyme defines a deep but open groove on the surface of the enzyme, while in E. coli core RNAP and yeast RNAPII the thumb forms part of a ring that completely encloses the channel. The correlation between functional and structural homolo- with its open channel; location of a promoter and formation of RPcI; isomerization to RP,, to the closed channel state and formation of RP,; and formation of an elongating complex. We have not attempted to illustrate the unwinding or melting of the DNA in RP. or in the elongating complex, and we have also not attempted to illustrate the disposition of the nascent RNA in the elongating complex. A detailed description of the model can be found in the text. On the right is a schematic illustration summarizing the hydroxy radical footprinting results of others (Metzger et al., 1969; Schickor et al., 1990; Mecsas et al., 1991) . The DNA is represented as a cylindrical tube, with the disposition of completely protected regions of the DNA backbone denoted by gray patches (light gray denotes patches that are on the back side of the DNA). The -10 and -35 consensus regions, as well as the start site (+i) of the prokaryotic promoter, are indicated.
gies leads us to suggest that these structures represent promoter-binding and elongation conformations of RNAP, as both E. coli core and yeast RNAPII are capable of RNA chain elongation, but are incapable of specific promoter recognition without additional factors. The open groove of holoenzyme in the promoter-binding conformation would facilitate the recognition and loading of double-stranded promoter DNA within the groove. Closing of the thumb to surround completely the DNA upon transition to the elongation conformation would stabilize the elongating complex on the template, facilitating highly processive elongation of the nascent RNA chain without dissociation.
To carry out processive nucleic acid synthesis, polymerases must perform two contradictory functions simultaneously. First, the polymerase must be anchored to the template so as not to dissociate between catalytic events. Second, the polymerase must be able to translocate along the template. In replication, this problem has been solved through the assembly of ring-shaped structures that act as processivity factors for DNA polymerases by forming sliding DNA clamps (Kong et al., 1992; Krishna et al., 1994) . The family of polymerases related to the single subunit E. coli DNA polymerase I contains flexible, thumb-like structures that have been proposed to facilitate processivity by surrounding the template (Ollis et al., 1985; Arnold et al., 1992; Kohlstaedt et al., 1992; Beese et al., 1993; Jacobo-Molina et al., 1993; Sousa et al., 1993 Sousa et al., , 1994 Bonner et al., 1994) . The multisubunit RNAPs also contain thumb-like structures that may have a similar function (Darst et al., 1989 (Darst et al., , 1991 Schultz et al., 1993) . The functional/structural relationship between E. coli core RNAP and yeast RNAPII and the differences with E. coli holoenzyme provide further support for this idea.
This interpretation of our results relies on the assumption that the observed structural differences reflect structural differences of the active molecules themselves and not artifacts such as structural changes due to interactions with the positively charged lipids or to crystal packing effects. While we cannot completely rule out such effects at this point, we feel they are highly unlikely for the following reason. Much of our interpretation is based on the structural similarity between E. coli core and yeast RNAPII. However, each of these molecules crystallizes on positively charged lipids in a totally different, unrelated way. Each molecule in its crystal makes completely different interactions with the lipid layer and with other molecules in the crystal, yet the two structures are very similar.
In light of these structural results, it is most interesting to consider the events leading to the formation of a ternary elongation complex between RNAP, template DNA, and the nascent RNA transcript. Chamberlin (1974) first proposed that E. coli RNAP holoenzyme initially contacts only the exterior of the DNA helix, forming a "closed complex. . These intermediates may be studied at low temperature in vitro (But and McClure, 1985; Roe et al., 1985; Spassky et al., 1985; Kovacic, 1987; Cowing et al., 1989; Schickor et al., 1990; Mecsas et al., 1991) . Assuming that the temperaturedependent formation of the different complexes corresponds to a time-dependent mechanism at constant temperature, these kinetic, thermodynamic, and footprinting studies indicate the following scheme for the isomerization process:
where R is RNAP holoenzyme and P is promoter DNA in solution, RPcl is the initial closed complex in equilibrium with RNAP in solution, RPGP isan intermediate closed complex that accumulates at temperatures around 20°C, and RP, is the final transcription-competent open complex, which forms at temperatures above about 25%. A model describing how this scheme may relate to our structural results is illustrated schematically in Figure 6 and described in detail below. It should be noted that some points of our model are similar to models presented earlier, without the benefit of structural information, to explain DNase I and hydroxy radical footprinting results (Cowing et al., 1989; Metzger et al., 1989; Schickor et al., 1990; Mecsas et al., 1991) .
First, the transcription cycle begins with core RNAP in solution, which we assume is predominantly in the elongation conformation, with the channel closed. Some conformational flexibility may occur in which core RNAP is able to switch from the closed to the open channel state, but the closed channel is favored.
Second, binding of o to form holoenzyme causes the open channel to be favored.
Third, holoenzyme encounters and recognizes a promoter sequence on double-stranded DNA, either directly or through facilitated diffusion after nonspecific DNA binding (Berg et al., 1982; Park et al., 1982; von Hippel et al., 1984) , forming the initial closed complex RPcl. This complex can be accumulated at low temperature (around 4%) and protects promoter DNA from DNase I and hydroxy radicals with an approximately 10 bp periodic pattern from about -54 to -6 (+l is the start site of transcription) (Spassky et al., 1985; Kovacic, 1987; Cowing et al., 1989; Schickor et al., 1990; Mecsasetal., 1991) . Measurements by Amouyal and But indicate that the DNA in the closed complex (probably RPcI) at the lac L8UV5 promoter is already topologically unwound about 1.3 turns, possibly as a result of wrapping of the DNA around the RNAP with a left-handed, negative superhelical twist (Amouyal and But, 1987; Travers, 1990) . This would place the protected patches of the DNA backbone (illustrated schematically in Figure 6 ) all on the same face of the DNA and able to interact with the polymerase. Bending or wrapping of the DNA around polymerase is also inferred from the fact that the span of the total footprint from about -54 to +22 in the final open complex (RP,), which is about 250 A of B-form DNA, is considerably greater than the greatest dimension of the RNAP molecule (Darst et al., 1989) .
Fourth et al., 1985; Suh et al., 1992) and low temperature (Roe et al., 1985) .
This et al., 1993; Severinov and Goldfarb, 1994) . and Chamberlin, 1992a and Chamberlin, , 1992b Nudler et al., 1994; Zaychikov et al,, 1995) and by the apparent flexibility of functional components of the RNAP with respect to each other (Mustaev et al., 1993; Severinov et al., 1995 was used instead of DNA-cellulose. The major modifications to the procedure of Hager et al. (1990) are as follows. After elution from the Polymin-P pellet with TGED buffer (10 mM Tris-HCI [pH 81, 5% (v/v) glycerol, 0.1 mM EDTA, 1 mM DTT) plus 1 M NaCI, RNAP was precipitated by adding ammonium sulfate to 2 M. The pellet was resuspended and diluted with TGED buffer until the conductivity was equal to that of TGED plus 0.3 M NaCI. The sample (about 6 ml) was applied to a 50 ml column of heparin-Sepharose CL-68 and washed with TGED plus 0.3 M NaCl until no more protein eluted from the column, as monitored by UV absorbance at 280 nm. The RNAP eluted from the column with a TGED plus 0.6 M NaCl step appeared to be highly enriched with core enzyme compared with 0" holoenzyme, as judged by SDS-polyacrylamide gel electrophoresis. The separation of core from holoenzyme on heparin-Sepharose was also observed by Wellington and Spiegelman (1991) . The RNAP was again precipitated by adding ammonium sulfate to 2 M, resuspended in 1 ml of TGED plus 0.5 M NaCI, and loaded onto a 16/60 Sephacryl S300 gel filtration column (Pharmacia), followed by chromatography on a Mono Cl 10110 column (Pharmacia) as described by Hager et al. (1990) . Typically, about 5 mg of core RNAP was obtained, which was more than 99% pure as judged from overloaded gels stained with either Coomassie brilliant blue R-250 or silver. The final product was dialyzed overnight into storage buffer (10 mM Tris-acetate [pH 7.81, 100 mM ammonium acetate, 5 mM DTT, 0.1 mM EDTA, 15% glycerol), aliquoted and flash frozen in liquid nitrogen, and stored at -8OOC. The crystallizability of the core RNAP preparations (l-2 mglml in the above storage buffer) was investigated (Ferre-D'Amare and Burley, 1994) using dynamic light scattering with a DynaPro-801 Molecular Sizing instrument (Protein Solutions). In contrast with aggregates observed by Shaner et al. (1982) the measurements indicate that our preparation of core RNAP is a highly homogeneous solution of dimers, even at the low salt conditions used (100 mM ammonium acetate).
Crystallization
Helical crystals of core RNAP were formed on positively charged lipids by the lipid layer crystallization method (Kornberg and Darst, 1991) . At 4OC, droplets (10 ~1) of core RNAP (150 pg/ml) in 50 mM Trisacetate (pH 7.8), 100 mM ammonium acetate, 5 mM spermine-acetate, 5 mM DTT, 0.1 mM EDTA, and 2% (v/v) glycerol were pipetted into wells (4 mm diameter, 0.5 mm deep) bored into a Teflon block, coated with 0.5-l MI of a lipid mixture containing 0.05 mglml octadecylamine (Sigma) and 0.45 mg of diphytanoyl-PC (Avanti Polar Lipids) in HPLC grade chloroform:hexane (1:1, v/v), and incubated at 4OC under an argon atmosphere.
After 24-36 hr, the droplets were pipetted onto freshly carbon-coated EM grids that had been glow discharged for 2 min. After blotting excess solution, the grids were washed with one drop of distilled water and then negatively stained with 1% (w/v) uranyl acetate.
EM, Image Processing, and Structure Calculation Electron micrographs were recorded using minimal dose procedures at a magnification of 34,000 x with a CM12 transmission EM (Philips) operating at 100 kV on SO163 film (Eastman Kodak). The films were developed for 10 min in D-19 developer(Eastman Kodak). Micrographs were selected by optical diff ractometry and digitized on an autodensitometer (Perkin-Elmer) with a 20 pm aperture and step size, corresponding to 5.9 Aon the image. The data were processed by computer using standard methods (Amos et al., 1982; Henderson et al., 1986 
